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We compared ocular and eye-head tracking responses to an illusion of diagonal motion produced when 
vertical movement of a small visual target was synchronized to horizontal movement of a background 
display. In response to sinusoidal movement, smooth ocular pursuit followed vertical target motion, with 
oniy'a small horizontal component. In response to regular stepping movement, all anticipatory saccades 
were in the direction of the illusion; these erroneous oblique movements were followed by corrective 
horizontal saccades. When the head was free to move, it usually showed a diagonal trajectory that, for 
both sinusoidal and stepping target motion, was always in the direction of the illusion; no corrective 
movements were present. Thus, for our illusory stimuli, eye and head tracking showed qualitative 
differences that imply that ocular tracking was ultimately controlled by actual target motion but head 
tracking was controlled by illusory target motion. 
Head Smooth pursuit Saccade Illusion Oculomotor 
INTRODUCTION 
Under natural conditions, we visually follow objects 
moving within our environment with the eyes alone or, 
more commonly, with combined movements of the eyes 
and head. Although the movements of some objects in 
nature (e.g. flies) appear to be random, others follow a 
predictable trajectory, and ocular motor responses show 
properties that imply an ability of the brain to anticipate 
such objects' movement,;. For example, if a target steps 
back and forth between two locations in a predictable 
manner, subjects soon start to make saccadic eye 
movements that anticipate target jumps (Dallos & Jones, 
1963; Pavel, 1990). If the motion of the target is smooth 
and "predictable", asin a sine wave, smooth pursuit eye 
movements can be generated that track the target with a 
gain of 1.0 and with zero phase lag--properties that 
exceed the expectations of a tracking system encumbered 
with delays due to visual processing (Stark, Vossius & 
Young, 1962; Dallos & Jones, 1963; Robinson, Gordon 
& Gordon, 1986). Head movements, like gaze, can also 
show predictive properties during tracking of stepping 
and sinusoidal target motions (Bizzi, 1981; Barnes, 1992). 
We compared purely ocular tracking with eye-head 
tracking using a variant of the Duncker (1929) illusion, in 
which illusory movement of a target may be produced by 
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moving the background on which it lies. Previous tudies 
using this type of stimulus have reported variable, but 
generally small, effects of background motion on eye 
movements (Yee, Daniels, Jones, Baloh & Honrubia, 
1983; Kowler, Van Der Steen, Tamminga & Collewijn, 
1984; Collewijn & Tamminga, t986; Worfolk & Barnes, 
1992). We found that while smooth and saccadic eye 
tracking of the illusion differed, head movements always 
tracked the trajectory of the illusion. Preliminary results 
have been published previously (Zivotofsky, Averbuch- 
Heller, Thomas, Das, DiScenna & Leigh, 1994). 
SUBJECTS AND METHODS 
Subjects 
We studied 10 normal subjects (7 male, 3 female, age 
range 23-55 yr, mean of 36.4); 7 were naive about the 
illusory nature of the visual stimulus. All gave informed 
consent. 
Stimulus and recording techniques 
Subjects viewed ared laser spot ("the target"), that was 
superimposed on a background consisting of a black 
on white Amsler grid ("the grid"). The target subtended 
0.2 deg and its luminance was 10 cd/m 2. The grid 
subtended 20 × 20 deg, and its mean luminance was 
39 cd/m 2. Both the target and grid were rear projected 
onto a tangent screen at a viewing distance of 1.3 m; 
the room was otherwise darkened. The grid moved 
only horizontally and the target only vertically, under 
the control of General Scanning CX660 mirror 
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galvanometers. Movement of the target could be 
synchronized to movement ofthe grid, producing a strong 
illusion of diagonal motion, the horizontal component 
being opposite to the direction of the grid movement. In
these experiments, the illusory target movement was 
always from the upper left to the lower right (Fig. 1). The 
stimulus was either a sine wave or a square wave. 
Horizontal and vertical gaze (eye position in space) and 
head rotations were measured using the magnetic search 
coil technique, with 6-ft field coils (CNC Engineering, 
Seattle, Wash.). Eye and head coils were precalibrated on 
a protractor device. The system was 98.5% linear over an 
operating range of + 20 deg in both planes, the cross-talk 
between horizontal nd vertical channels was < 2.5% and 
the standard eviation (SD) of system noise was < 0.02 
deg. The translation artifact within the central 30 cm cube 
of the magnetic field, in which subjects' heads always 
remained, was <0.03 deg/cm. Subjects wore a scleral 
search coil (Skalar, Delft, The Netherlands) on their 
dominant eye; the other eye was covered. They also wore 
a search coil firmly attached to their foreheads tomeasure 
angular head position, which did not restrict head 
movements. We checked that with head rotations of 
_+10.7 deg horizontally and _+18.9 deg vertically 
(maximum for this study), the cross-talk on the eye coil 
was < 1.0%. During the head-fixed paradigms, ubjects 
were instructed to press their heads against a head rest. 
We confirmed that, using this procedure, the maximum 
head movements during eye tracking was 0.2 deg 
horizontally and 0.8 deg vertically. 
Experimen tal paradigms 
During all experiments, ubjects were instructed to 
follow movements ofthe target with their eyes. We carried 
out four experimental rials and two control trials. During 
all experimental trials, all of which lasted for 20 sec, both 
target and grid moved _+9.2 deg, producing a strong 
illusion of diagonal laser spot movement. 
The paradigms were: 
(1) Both target and grid moved at 0.35 Hz sinusoidally; 
subjects' heads were stationary (ocular tracking). 
(2) Both target and grid moved at 0.35 Hz sinusoidally; 
A) B) 
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FIGURE 1. Graphical representation f perceived target motion with 
the grid (A) stationary and (B) moving horizontally. The actual target 
motion is only vertical in both (A) and (B). Points 1 and 2 correspond 
to two target positions, separated in time by half a cycle. The thick line 
shows the target rajectory as perceived by a subject. 
subjects were encouraged to track the moving 
target with eye and head (combined eye-head 
tracking). 
(3) Both target and grid moved at 0.35 Hz in square 
waves; subjects' heads were stationary (ocular 
tracking). 
(4) Both target and grid moved at 0.35 Hz in square 
waves; subjects were encouraged to track the 
moving target with eye and head (combined 
eye-head tracking). 
(5) The target moved sinusoidally at 0.35 Hz while the 
grid was stationary. Subjects tracked the target 
with their heads tationary. (Control for Trial 1.) 
(6) The target moved sinusoidally at 0.35 Hz while the 
grid was stationary. Subjects tracked the target 
with their eye and head. (Control for Trial 2.) 
Trials 1 and 2 were performed twice. At the end of all 
recording sessions, subjects were asked to describe and 
draw the trajectory of the various target motions they had 
perceived. 
Data collection and analysis 
Horizontal and vertical target, head and gaze signals 
were filtered using Krohn-Hite Butterworth filters 
(bandwidth 0-90 Hz) prior to digitization with 16-bit 
precision at 200 Hz. Data were analyzed using programs 
written in ASYST (Hary, Oshio & Flanagan, 1987) and 
MATLAB (The MathWorks Inc., South Natick, Mass.). 
Our strategy was to analyze the magnitude and phase of 
horizontal and vertical responses to visual stimulus 
motion; note that no horizontal gaze or head movement 
was required to track the target which moved purely 
vertically. Responses to sinusoidally moving stimuli were 
analyzed by desaccading the gaze records using a velocity 
cutoff criteria and then calculating a mixed radix fast 
Fourier transform (FFT) on the 4000-point arrays of 
target, gaze and head velocity, yielding phase shift and 
gain with respect to the target at 0.35 Hz. 
Responses to stepping target motion were analyzed for 
latency to onset and amplitude of initial and corrective 
horizontal saccades made for each target jump. Usually 
the initial horizontal saccade, when present, was made 
simultaneously with a vertical saccade, thus producing an 
oblique trajectory. The latency time of the initial 
horizontal saccade was defined as negative if the saccade 
occurred prior to the target jump (anticipatory saccade), 
and positive, if it occurred afterwards. 
For analysis purposes we divided saccades into two 
categories: anticipatory and non-anticipatory. Based on 
their metrics, express saccades are not anticipatory 
(Rohrer & Sparks, 1993), and we therefore treated all 
saccades with latencies under 80 msec as anticipatory and 
all saccades with greater latencies as non-anticipatory. 
Corrective saccade latency was measured either: (a) 
from the end of the first saccade (in the case of primary 
saccades with positive latencies--because th  retinal error 
would begin as soon as the inappropriate saccade was 
made); or (b) from the target, step (in the case of 
anticipatory primary saccades with negative latencies-- 
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F IGURE 2. Representative records of responses to synchronized sinusoidal target and background motion. Gaze responses 
during Trial 1 are shown in (A) and (B), and head responses during Trial 2 are shown in (C) and (D). Upward deflection in this 
and subsequent time records represents rightward movement for horizontal tracings and upward for vertical tracings. Target 
tracing is the same tor horizontal grid motion and vertical target motion. (A) Note that the horizontal response consists of 
low-amplitude nystag/nus with slow phases in the direction of the grid (background) movement• (B) A "scan path" of data from 
(A), showing how gaze largely follows the vertical trajectory of the target. (C) Time plot of head movement during combined 
eye-head tracking. Note that the horizontal component of the response is about 180 deg out of phase compared with the target• 
(D) "Scan path" of head data from (C). Note the large horizontal component o the head-tracking response, which produces 
a diagonal trajectory that corresponds to that of illusory target motion. 
because the retinal error would not be registered as 
inappropriate until after the target jumped). 
The amplitude of the horizontal component of oblique 
saccades was defined as positive, when it was in the 
direction of the grid movement, and negative when it 
was in the opposite direction, i.e. in the direction of the 
illusion. In calculating the gains of the horizontal 
components, absolute values were taken so that all gains 
are positive. In measuring saccadic amplitudes we 
disregarded small, back-and-forth horizontal movements 
occurring during the time course of the vertical saccades, 
considering them as "dynamic overshoots" (Becker, 
1989). 
RESULTS 
All subjects reported a strong illusion of diagonal 
motion of the target during trials in which the target and 
VR 35J21- -D 
background moved synchronously, either sinusoidally or 
in a square wave motion; most reported the sinusoidal 
stimulus to produce a slightly more compelling illusion. 
The ocular and head-tracking responses were qualitat- 
ively similar in all subjects, and are summarized by 
representative raw data shown in Figs 2 and 3. Since some 
of the data for the sinusoidal target motion were not 
normal in distribution, we present below results as median 
(range). 
Ocular tracking of sinusoidal illusory target motion 
When subjects' heads were stationary (Trial 1), gaze 
followed the target with smooth and saccadic eye 
movements that had predominantly vertical components 
[Fig. 2(A, B)]. The median gain (range) of the vertical 
component of smooth pursuit was 0.89 (0.53-1.02), but 
that of the horizontal component was 0.06 (0.004-0.186); 
the horizontal response took the form of a low-amplitude 
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nystagmus. There was a slight phase lead of the vertical 
component of smooth pursuit 0.56 deg ( -  17.0 to + 2.08), 
while the horizontal component lagged grid velocity by 
20.69 deg ( -10.96 to +78.69). Thus, horizontal 
components of the smooth tracking response were in the 
direction of grid, not illusion, movement. During control 
Trial 5 (target moved vertically while grid was stationary), 
negligible horizontal responses were detected and vertical 
pursuit had a gain of 0.80 (0.44-1.00), consistent with 
previous results (Baloh, Yee, Honrubia & Jacobson, 
1988) and a phase lead of -4.89 deg ( -  15.85 to + 1.04). 
Combined eye-head tracking of sinusoidal illusory target 
motion 
In Trial 2, gaze again followed the target with smooth 
and saccadic eye movements that had predominantly 
vertical components. The median gain of the vertical 
component of gaze tracking was 0.89 (0.51-0.98), but 
that of the horizontal component was 0.07 deg 
(0.013-0.25). There was a slight phase lead of the vertical 
component of gaze tracking of 0.93 deg ( -18.39 to 
+ 13.02), while the horizontal component lagged grid 
velocity by 20.1 deg (3.62-52.11). Thus, once again, the 
horizontal components of the smooth gaze tracking 
response were in the direction of grid, not illusion, 
movement. The overall tracking was, therefore, of the 
vertical target and not of the diagonal illusion. During 
control Trial 6 (target moved vertically while grid was 
stationary), negligible horizontal responses were detected 
and vertical pursuit had a gain of 0.80 (0.54-0.96) and a 
phase lead of 4.36 deg ( -16.92 to + 12.02). Thus, gaze 
tracking of the target was similar in accuracy whether or 
not the head moved, as previously reported (Lanman, 
Bizzi & Allum, 1978; Waterson & Barnes, 1992). 
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FIGURE 3. Representative records of responses to square-wave target and background motion. Gaze responses during Trial 
3 are shown in (A) and (B), and head responses during Trial 4 are shown in (C) and (D). Same conventions as for Fig. 2. 
(A) Most saccadic responses have horizontal components that are opposite in direction to the movement of the background grid. 
(B) A "scan path" of the horizontal and vertical gaze tracings from (A), showing how horizontal saccadic components make 
the initial trajectory correspond to that of illusory target motion, followed by a horizontal correction. This is different from 
Fig. 2(B), in which the trajectory of gaze was mainly vertical. (C) Time plot of head movement data. (D) "Scan path" of head 
data from (C). Note the large horizontal component o the head-tracking response, which produces a diagonal trajectory that 
corresponds to that of illusory target motion, and does not contain a correction as gaze does in (B). This is similar to the trajectory 
during tracking of sinusoidal target motion, shown in Fig. 2(D). 
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Unlike gaze, head tracking usually (85%) showed a 
diagonal trajectory when presented with illusory diagonal 
motion. The vertical component had a gain of 1.06 
(0.45-2.05) and a pha,;e lead of 7.35 deg (-32.4 to 
+ 10.75). The horizontal component had a gain of 0.21 
(0.025 to + 1.24) that was phase lagged compared with 
grid movement by 162 deg (111-170), i.e. it was in the 
direction of the illusion, not the grid [Fig. 2(C, D)]. 
During control Trial 6, in which the target moved 
vertically while the grid was stationary, the head had a 
gain of 1.20 (0.49-2.00 I) and a phase lead of 10.06 deg 
(-21.8 to +2.52). 
Ocular tracking of stepping illusory target motion 
Unlike the response to sinusoidal target motion, there 
were inappropriate horizontal gaze shifts. With the head 
stationary (Trial 3), saccades with inappropriate 
horizontal components were made for 74.6% of steps 
[Fig. 3(A, B)]. When these saccades were anticipatory 
(50.5%), they were always (100%) in the direction of the 
illusion; the gain of these horizontal movements was 0.70 
(0.065-1.56). When saccades were not anticipatory 
(latency >~ 80 msec), 56.9%0 were in the direction of the 
illusion, with the gain of non-anticipatory saccades being 
0.23 (0.054--0.73). The gain of saccades made in the 
direction of grid movement was 0.16 (0.076-0.73). 
Combined eye-head tracking of stepping illusory target 
motion 
When subjects were encouraged to make head 
movements (Trial 4), saccades with inappropriate 
horizontal components were made for 67.9% of steps. 
When these saccades were anticipatory (66.7%), they 
were always (100%) in the direction of the illusion; 
the gain of these horizontal movements was 0.76 
(0.054-1.83). When these saccades were not anticipatory 
(latency /> 80 msec), 35.4% were in the direction of the 
illusion, and the gain of non-anticipatory saccades was 
0.17 (0.076-0.98). The median gain of saccades made in 
the direction of grid movement was 0.16 (0.076-0.36). All 
inappropriate horizontal saccades, whether made with 
the head stationary ,or moving, were followed by 
visually-guided corrective saccades with a mean time to 
onset of 172 msec. 
Horizontal head-tracking movements in response to 
stepping targets (Trial 4) were present in all subjects and 
were always (100%o) in the direction of the illusion. There 
was some intersubject variability in the gains of head 
movements, but in general those with larger vertical 
movements (median gain of 0.53, 0.30-1.22) had larger 
horizontal movements (median 0.17, 0.054).91). Repre- 
sentative data are shown in Fig. 3(D). 
DISCUSSION 
When the target moved vertically across a horizontally 
moving background, all subjects reported a strong 
illusion of diagonal target motion (Fig. 1); this was the 
case for both sinusoidal and stepping (square wave) 
stimulus waveforms. Our main finding was that while 
ocular tracking varied according to the stimulus 
paradigm and type of eye movement response, head 
movements were always in direction of the illusion. When 
the target moved sinusoidally, smooth pursuit followed 
the actual target motion (i.e. vertically), whereas the 
trajectory of head movement corresponded tothat of the 
illusion (Fig. 2). When the target was stepping, 
anticipatory gaze shifts corresponded to illusory target 
motion and were followed by corrective saccades. On the 
other hand, all head-tracking movements were diagonal 
with no "corrective" movements (Fig. 3). 
The ocular responses to pursuit over a stationary or 
moving background have been studied previously. 
During sinusoidal target motion, a stationary or 
horizontally moving background on which a horizontal 
target moves produce variable and modest effects on 
smooth pursuit (Yee et al., 1983; Kowler et al., 1984; 
Collewijn & Tamminga, 1984, 1986; Barnes & Crombie, 
1985; Kaufman & Abel, 1986; Kimmig, Miles & Schwarz, 
1992; Worfolk & Barnes, 1992). Collewijn and Tamminga 
(1986) showed that when a target moves vertically across 
a horizontally moving background, vertical pursuit was 
unchanged and horizontal responses had a gain of 0.10; 
these results are in agreement with the present study. 
Thus, whether illusory target motion is horizontal or 
two-dimensional (diagonal), smooth pursuit is mainly in 
response to retinal rather than perceived motion (Mack, 
Fendrich & Pleune, 1979; Collewijn & Tamminga, 1986). 
When the target and background moved in a stepping 
waveform, anticipatory saccades (see Methods) had an 
inappropriate horizontal component, resulting in an 
oblique trajectory similar to the illusion. It has been 
previously shown that saccades made to remembered 
targets correspond to perceived positions rather than 
retinal locations (Wong & Mack, 1981). Non-anticipat- 
ory saccades sometimes had horizontal components in the 
direction of the background motion rather than the 
illusory motion. 
In contrast o the ocular responses, head movements 
made during eye-head tracking were always directed 
diagonally, corresponding tothe trajectory of the illusion. 
Thus, during tracking of a sinusoidally moving target, the 
head tracked the illusory movement of the target even 
though gaze did not. During tracking of stepping target 
movement, both head and anticipatory saccades tracked 
illusory target motion; however, corrective horizontal 
movements were made by gaze but not by the head (see 
Fig. 3). Therefore, while it is clear from many prior 
experiments that head and eye movements are often 
closely associated (Barnes & Lawson, 1992), and that the 
head too may be driven by visual feedback (Barnes, 1993), 
the discrepancies that we found point to a potential 
dissociation between the control of gaze and head 
tracking. It seems improbable that head tracking of our 
stimuli s under control of direct visual feedback, since no 
horizontal movements were made to correct for the 
inappropriate diagonal trajectory. 
Current models for combined eye-head tracking of 
stepping (Guitton, 1988) or sinusoidal (Bizzi, 1981; 
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Barnes, 1992) target motion utilize direct visual feedback 
to control the head as well as eye tracking. In fact, the 
goals of gaze and head tracking for the range of target 
motions that we studied were different. Gaze must keep 
pace with the target so that its image is close to the retinal 
fovea. On the other hand, the head must only ensure that 
the eye remains within its working range. Thus, the 
erroneous, diagonal trajectory followed by the head 
during tracking of either target waveforrn was inconse- 
quential to gaze tracking, since the eyes remained in their 
working range, and the vestibulo-ocular reflex compen- 
sated for head movements that deviated from target 
movements. The absence of any corrective head 
movements attests to the lack of influence of direct visual 
feedback on head tracking in our experiments. Rather, 
head tracking was exclusively controlled by a predictor 
mechanism that utilized the illusory percept of target 
motion, whether sinusoidal or stepping. 
If subjects are required to make rapid gaze shifts that 
exceed the ocular motor range in order to examine the 
visual environment, hen current evidence suggests that the 
situation is different and the same command may be used 
to guide both head and gaze (Barnes, 1979, 1981; Land, 
1992). For tracking of smooth target motion, however, the 
control of head and gaze could be different since, during 
tracking of the sinusoidal target movement, gaze always 
followed the actual target while head movement followed 
the illusory movement. In addition, it is possible to move 
the head voluntarily in a quasi-sinusoidal pattern without 
any visible target, even though subjects cannot usually 
generate smooth eye movements in darkness (Steinbach, 
1976; Mack et al., 1979). 
In summary, we have used a variant of the Duncker 
(1929) illusion to compare the properties of predictive eye 
and head tracking. We found that although anticipatory 
saccades were in the direction of the illusion, corrections 
were made so that all ocular responses were eventually 
determined by actual location of the target. On the other 
hand, head movements were always in the direction of the 
illusion and actual location of the target did not exert any 
direct influence on them. Thus, for these paradigms of 
illusory target movement, eye and head tracking showed 
qualitative differences. These differences imply that gaze 
tracking was ultimately controlled by actual target 
motion but head tracking was controlled by illusory 
target motion. 
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